We have developed and applied a modification of an 'RNA Fingerprinting' protocol previously published by Welsh and McClelland (Nucleic Acids Research 19: 5275 -5279 1991) such that cDNA fragments which are both differentially-expressed and enriched for members of a specific gene family can readily be identified. cDNA fragments were amplified with an arbitrary primer initially used in the reverse transcription reaction in combination with a member of a primer set which corresponded to a conserved region within a specific gene family. This technique was used to isolate cDNAs encoding a recently described protein kinase as well as an unknown gene that contained a zinc finger. Several other known genes that contained a zinc finger domain and that were differentially-expressed were also isolated.
INTRODUCTION
There are many examples of large gene families encoding several proteins with similar primary sequences and functions. Often members of these groups of genes perform similar or overlapping duties in crucial cellular processes. The CDK and cyclin families provide recent examples of this phenomena [1] [2] [3] [4] [5] [6] . In addition, it has been observed that increased expression of individual genes is often correlated with the physiological state during which the gene product performs its function. Combining these two observations, it becomes obvious that a technique that allows the detection of differentially expressed members of a known gene family would be of great value.
The detection of differentially-expressed genes traditionally involved the probing of cDNA libraries [7, 8] . Duplicate lifts from a plated library are probed with labeled cDNA from the two conditions being compared. A strong signal present in one cDNA pool but not in the other is indicative of a candidate differentiallyexpressed message. Due to the high complexity of the probe material, usually only high abundance cDNAs are detected, eliminating a large class of low abundance genes which may be of interest. Recently, two PCR-based protocols have been described which also allow the detection of differentiallyexpressed messages based upon arbitrary priming and amplification of cDNA representing two or more physiological states [9, 10] . These techniques have the advantage of allowing the detection of relatively low abundance messages.
However, one disadvantage with both differential screens and arbitrary PCR amplification has been the inability to direct the results towards the cloning of particular genes of interest. While attempts have been made to incorporate a primer corresponding to a known region of homology into the differential PCR amplification [11, 12] , this variation has not yet resulted in the identification of targeted constructs. In this work, we report a variation of the arbitrarily primed PCR protocol which successfully enriches the amplified products for members of specific gene families.
This technique was applied to the study of the mammalian cell cycle during transit from G o into S phase, with an emphasis on the identification of new members of the SER/THR protein kinase family and the zinc finger family of DNA binding proteins. We have cloned cDNA fragments representing previously unidentified members of these gene families from a mouse fibroblast cell line.
METHODS
RNA was isolated and purified using the method of Chomczynski and Sacchi [13] . The reverse transcription reaction contained 50mM Tris (pH 8.3), 50mM KC1, 20mM DTT, 100/tM each dNTP, 4mM MgCl 2 , and ljtM arbitrary primer as specified by Welsh and McCelland [10] . Samples of total RNA (1/tg) were heated for 10 minutes and then placed on ice prior to an extension for 1 hr at 37 °C using 0.5 U M-MuLV reverse transcriptase in a final volume of 50 fd. Two aliquots from each cDNA synthesis were then amplified in a reaction containing 30 mM Tris (pH 8.3), 32.5 mM KC1, 3mM MgCl 2 , 1 /tM each primer, 50 pM each dNTP and 1 fd high specific activity 32 PO 4 -dCTP in a final volume of 40 fd. One amplification was conducted following the addition of only the arbitrary primer used in the reverse transcription reaction. The other amplification was conducted with both the arbitrary primer as well as a primer specific for *To when-, correspondence should be addressed ct: LSI, MS M888, Los Alcmos National Laboratory, Los Alamos. NM 87545. USA -1 GAG-AGC-TAG-CTT-(AGCT)GC-(CT)TT-(AG)T  AP-2 TT-(AGCT)GC-(CT)TT-(AG)TC  Probe primer:  CGC-CGA-TAT-CAT-GGA-AGA-CTA-TAT-CAA-AAT-A   B. Arbitrary primer:  CAC-AGC-TAG-CTT-GTC-CTA-GGA-CAG-GAA-CTCAAA-GAT-G  Probe primers:  CDC 18 GTC-GTC-GAA-TTC-CAA-GAG-GGG-TAC-TTA-CGG-TGT-GGT-G  «   CDC 12 GTC-GTC-GAA-TTC-CAA-GAG-GTC-ATG-GTA-CGG-TGT-GGT-G  f  CDCM2 GTC-GTC-GAA-TTC-CAA-GAG-GGG-TAG-TTA-CGG-TGT-GGT-G f CDCM3 GTC-GTC-GAA-TTC-CAA-GAG-GGG-TAC-TTA-CGG-TGC-GGT-G *| is the 5' end of the p34/CDC2 homology * defines a position of mismatch within a region of p34/CDC2 homology C. Arbitrary primers:
Probe primers: 6) , from mid G| (lanes 2 and 7), or from late Gj cells (lanes 3 and 8) as well as from cultures induced to differentiate into adipocytes for three (lanes 4 and 9) or five (lanes 5 and 10) days were reversed transcribed and amplified using the primers shown in Table 1A . The samples in lanes 1 through 5 were reversed transcribed with API while those in lanes 6 through 10 were transcribed with AP2. All samples were then amplified with AP2 and the probe primer. The cdc2 specific band is indicated with the arrow.
D. Zinc finger primers:
a conserved region of a gene family. The first 20 cycles of each amplification were done in the presence of 0.1 U of Taq polymerase, after which an additional 1.0 U of Taq was added and another 20 cycles were completed. The first amplification cycle followed a profile of 94 °C for 5 min, annealing at 40 to 50°C for 5 min and extension at 72°C for 5 min. All subsequent cycles were of the profile 94°C 1 min, 50 to 60°C for 1 min and 72°C for 2 min. Reaction products were denatured at 75 °C for 3 min following the addition of an equal volume of 100% deionized formamide containing xylene cyanol and bromophenol blue. Samples were quenched on ice, loaded onto a 4% denaturing sequencing gel, and run at 70 watts until the xylene cyanol was 3/4 of the way down the gel. Gels were then dried and exposed to X-ray film overnight. Bands which were present in the reactions that contained both arbitrary primers and the primers specific for a gene family but not in the reaction with the arbitrary primer alone were examined. Of these bands, those that were unique to or more intense in one lane compared with another, reflecting potential differences in RNA abundance, were excised.
Excised bands were purified according to the 'crush and soak' protocol of Sambrook et al. [8] . Precipitated samples were resuspended in 10 ^1 of TE and reamplified with primers corresponding to the original amplification primers. These reactions were conducted in a final volume of 50 /i\ containing 10 mM Tris (pH 8.3), 50 mM KC1, 2 mM MgCl 2 , and 200 /M each dNTP for 30 cycles. The temperature profile was identical to that used in the final cycles of the original reaction. The PCR products were extracted once with phenol/chloroform and once with chloroform before reprecipitation with one tenth volume of 2.5 M sodium acetate and two volumes of absolute ethanol. The DNA fragments were then digested and cloned using standard techniques [8] .
Plasmid DNA was isolated from 3 ml minipreps using Qiagen 20 tips and sequenced with either the USB Sequenase V2 kit or on an Applied Biosystems automated sequencer using the dyeterminator kit. Sequences were then compared with GenBank to determine similarities to known sequences.
RESULTS

Amplification of known sequences
Initial experiments were designed to determine how efficiently an RNA with a known sequence and pattern of expression could be identified after reverse transcribing with an arbitrary primer and amplifying using the arbitrary primer plus a primer corresponding to a portion of the coding region. The cell cycle control gene p34/CDC2 was utilized as a test sequence in these experiments. The arbitrary reverse transcription primers and the probe primer are shown in Figure 2 . Effects of primer homology and mismatch in cdc2 amplification. In each pair of lanes RNA was derived from either cycling cells or cells induced to differentiate into adipocytes for five days. The cdc2 specific primers were CDC18 for lanes 1, 2, 9, and 10; CDC12 for lanes 3, 4, 11, and 12; CDCM2 for lanes 5,6, 13, and 14; and CDCM3 for lanes 7, 8, 15, and 16. The low stringency annealing temperature was 4O°C for lanes 1 through 8 and 50°C for lanes 9 through 16. mouse CDC2 gene from the initiation MET through GLU at residue eight. The A31T6 cell line were used as a source of RNA. Samples were harvested from G 0 -arrested cells that are known to contain low levels of cdc2 mRNA, from cells in mid-G] and at the G]/S boundary that have elevated levels of cdc2 message, and from cells induced to differentiate into adipocytes that would be expected to express very low levels of cdc2 [14] [15] [16] .
Sequence analysis revealed that the band marked with an arrow in Figure 1 represented the 5' end of the mouse CDC2 gene. It is clear that the shorter reverse transcription primer yielded a stronger signal than did the longer primer. This may be due to the extra C on the 3' end of the short primer which gives a seven base homology compared with six bases of homology present in the long primer. The increased amplification signals observed between the G o and G! lanes, as well as the very low levels of signal obtained in samples from differentiated cells matches the patterns of abundance observed under similar conditions previously measured by Northern blots [14] [15] [16] . These results indicated that with as little as 5 codons of coding sequence in a homology primer, a known differentially expressed cDNA fragment could be identified using an arbitrary primer for the first strand synthesis.
To further define the limits of this technique, a set of four primers with varying lengths of homology and with a mismatch in the coding sequence at different positions were tested at a range of annealing temperatures. The primer sequences are presented in Table IB . These primers were the same length (37 bp) and had similar GC contents. Each sequence specific primer was annealed at a second low stringency temperatures of either 50°C or 60°C. All remaining cycle amplification annealing temperatures were 10°C greater than the low stringency annealing temperatures. For these experiments we used RNA samples isolated from mouse A31T6 pro-adipocytes before and five days after the induction of adipocyte differentiation, conditions that represented the largest difference in the expression of cdc2 (see Figure 1) .
As can be seen in Figure 2 , primers of 18 base pairs of coding sequence are optimal with 50°C low stringency annealing temperature. Primers with 12 base pairs of homology to the gene family of interest can be used with a low stringency annealing temperature of 40°C. Single mismatches near the 5' of the conserved sequence does not appear to be detrimental to specific amplification. It thus seems optimal to design sequence specific primer sets using all possible coding combinations for codons within 9 bp of the 3' end of the conserved sequence. Sequences 5' to this region may be represented by the most common codon.
As part of further refinements of the amplification protocol, we found: 1) a unique fusion transcript added to cellular RNA at a level corresponding to less than 100 RNA transcripts per cell could easily be detected; 2) optimal amplification was obtained at 20 cycles in the presence of 0.1 units Taq followed by 20 cycles with 1.0 unit of the polymerase; and 3) amplification is not affected by changes in primer concentrations from 0.25 to 1.0 jiM (data not shown).
Amplifications using a short probe primer: cloning of a unique isoform of casein kinase I In the experiments outlined above it was clear that efficient sequence specific amplification could be obtained when 15 to 18 bp of homology is available. However, it is often the case that sequence information is more limited, as when a short amino acid sequence is used to design primers specific for a gene family of interest. To test the efficiency of this type of system we designed primers that represented 11 base pairs of coding sequence for the peptide DFGL found in the catalytic site of many known SER/THR protein kinases. These primers had a limited amount of degeneracy consisting of one position of complete degeneracy in the first 7 base pairs. The 5' end of these primers had an Eco RI site and a repeated GTC clamp to simplify subsequent cloning. We also designed arbitrary primers for the reverse transcription and amplification steps. These contained an Nhel site and a repeated GA clamp on the 5' end as well as a similar amount of degeneracy as the probe primers. All of the sequences used in these amplifications are shown in Table 1C .
Beginning with RNA isolated from G o or late Gi AKR cells, we isolated 70 fragments whose amplification was dependent upon the presence of the probe primer, and of which 30 appeared to be differentially-amplified in one sample or the other. After excision and cloning as described above, the sequence was determined for the first 150 base pairs of putative coding sequence for each clone using an Applied Biosystems automated sequencing system. These sequences were compared against Genbank for any significant homologies to known genes using the Blast homology software package. One clone that appeared to be expressed at somewhat elevated levels in late G] corresponded to the mouse homologue of the rat CDKI delta kinase gene ( Table  2 ). The kinase probe primer initiated amplification at the conserved catalytic site as expected. These results indicate that reverse transcription using an arbitrary primer coupled with amplification with an additional primer based upon a relatively short conserved coding sequence will, in fact, amplify members of known gene families. However, the large number of clones generated with this short conserved coding sequence necessitates the screening of large numbers of fragments that were nonspecifically amplified.
Amplifications using a large sequence specific probe primer: cloning of unique zinc finger containing cDNA fragments Four oligonucleotides which code for the H/C link region in zinc finger containing proteins [17, 18] were designed according to the criteria established in the preliminary experiments described above and whose sequences are presented in Table ID . These sequence specific primers were used in conjunction with the The best matches to GenBank are listed for each database. * designates homologies to a zinc finger consensus sequence. + designates that the cloned sequence was identical to the gene in the databank Table 4 . Sequences of novel cDNAs identified in the differential screen using zinc finger probe primers arbitrary primers termed RT1 or RT5 (Table 1C) to amplify RNA isolated from either G 0 -arrested cells, from cells stimulated with mitogens for two hours in the presence of cycloheximide to identify immediate-early genes [19] , from cells in early G b or from cells in late Gj. These amplification reactions yielded twelve fragments that appeared to be differentially-expressed, primarily having increased abundance in the lanes containing immediate-early RNA (Figures 3 and 4) . The fragments marked by the arrows in the figures were cloned and sequenced. Five fragments representing four distinct messages proved to represent cDNAs that contained zinc finger domains, as summarized in Table 3 . Two of these sequences, ZnlO and Znl 1, did not contain identical matches to clones in the data base. The sequences of these clones are presented in Table 4 .
ZnlO contained two zinc finger domains in the region sequenced and was homologous to human Spl in 40 of 54 residues [18, 20] . In addition, the residues that are postulated to make specific contact with DNA are perfectly conserved between ZnlO and human Spl. Thus, it seemed likely that ZnlO represents a murine homologue of the Spl transcription factor. Zn 11 contained a sequence which matched the consensus zinc finger sequence precisely. The sequence of Znl 1 at the variable positions revealed no homology to any known zinc protein in the rodent, human and invertebrate portions of the GenBank database.
Zn6 proved to be Krox-20, another known zinc finger protein. The apparent expression pattern revealed by the fingerprint also matched the known expression pattern of Krox-20 [21] . Zn2 and Znl2 contained sequences similar to mouse MRE and a human zinc finger containing protein. Zn2 contained a near complete zinc finger while Znl2 matched Zn2 over the initial 51 base pairs and then diverged completely. This divergence may be the result of alternative RNA processing, an intron exon boundary or it may be an artifact of the amplification procedure in which two distinct RNA species prime each other and extend, creating an artificial composite sequence.
Therefore, using six amino acids of conserved sequence information we were able to clone cDNA fragments encoding five proteins containing zinc finger domains from an initial pool of 12 fragments. These data indicate that a larger coding sequence can serve as an efficient probe primer, leading to the cloning and sequencing of fewer fragments.
Differential expression of ZnlO and Znll
We wished to confirm the differential expression of one of our unique cDNA fragments. We used the ZnlO fragment in the initial experiment since it exhibited the greatest degree of differential amplification and the largest overall signal. Figure 5 shows the results of this experiment. The signal is undetectable in quiescent and late-G t AKR cells. The lane containing RNA from cells stimulated for two hours in the absence of cycloheximide contained a faint signal while the lane containing RNA containing immediate-early RNA generated a large distinct signal. This pattern is consistent with the that observed in the original differential amplification and suggests that ZnlO is expressed as a mitogen-induced immediate-early gene.
We also tested primer sets that are specific for ZnlO and Znl 1 for differential amplification using RNA from cells cultured under the same conditions as described for the Northern analysis. The amplification patterns in these experiments corresponded to the amplification pattern observed in the initial cloning experiments (data not shown).
DISCUSSION
In this paper we have described a modification of the 'RNA Fingerprinting' protocol which enriches the amplified products for cDNA fragments representing gene families of interest. This technique is essentially a combination of arbitrarily primed PCR fingerprinting of RNA as described by Welsh et al. [10] and degenerate PCR commonly used to amplify additional members of known gene families [2, [22] [23] [24] .
The amplifications we describe use a single primer corresponding to a conserved coding sequence of interest (referred to as the probe primer) in combination with an arbitrary primer which is used in the reverse transcription step. The use of two opposing probe primers which correspond to two different conserved sequences as in the more common degenerate PCR is not an appropriate method to directly determine differential expression since multiple fragments of approximately the same size would be generated from all members of the family. The use of an arbitrary primer in the reverse transcription step allows the priming of mRNA at nonconserved sites. Amplification in combination with a degenerate probe primer then generates fragments of variable sizes for each gene family member. Fragments which are the products of both primers are identified through comparison with parallel samples which have been amplified using the arbitrary primer only.
We have successfully used as few as eleven base pairs to isolate a member of a kinase family after screening approximately 70 fragments. While this large number of sequencing reactions may seem prohibitive, the use of an automated sequencing apparatus can readily generate this amount of information.
The zinc finger gene family contained a six amino acid conserved region, leading to the design of a probe primer set with 17 bases of homology sequence. Amplification with this primer set led to the identification of five cDNAs encoding zinc finger proteins out of the twelve fragments isolated. At least one of these genes is a unique, previously unknown cDNA.
The amplification patterns of the previously described genes MyDl 18, Krox-20 and p34/CDC2 isolated in these experiments all agreed with the expression patterns published for these messages. A Northern blot using ZnlO confirmed that the original amplification pattern reflects the actual differential abundance of this gene product. The differential amplification of ZnlO and Zn 11 using specific primers also supports the proposition that these are actually differentially-expressed genes. While the amplification pattern of the MRE fragments corresponded to that of a typical early response gene, there are no reports in the literature demonstrating expression levels of MRE in quiescent and early G! RNA samples. From these data we conclude that it is possible to detect both conserved coding regions and differential expression using this technique.
The results of the amplifications using the cdc2 specific primers suggest that a mismatch located near the 5' end of the conserved sequence is less detrimental than one near the 3' end of the primer. Thus it appears that separate primers containing all possible codon combinations corresponding to the nine base pairs on the 3' end of the primer should be constructed for optimal amplification. Primer sequences further toward the 5' end may be represented by the most commonly used codons, allowing for some degree of mismatch.
Another important consideration in the application of this technique is the number of different reverse transcription reactions to run to have a high probability of detecting a message of interest. The results of the zinc finger series of cloning experiments described above confirmed our earlier observation that six base pairs of homology on the 3' end can direct the efficient reverse transcription of a given message. These results revealed that the primers used for reverse transcription again had about a six basepair homology to the native sequence on the 3' end. The sequence with the least homology was the MyDl 18 transcript which contained a 5 base homology of which 4 were G/C pairs. The small size of the amplification product (68bp) may also have favored the amplification of this fragment. These primers contained the equivalent of one position of complete degeneracy within six bases of the 3' end, allowing them to prime with the frequency of a 5-mer. Since a given five base sequence occurs randomly at about every kilobase, and that the average size of amplified products is between two to three hundred base pairs, then six unique arbitrary reverse transcription primers is a reasonable starting point.
The cloning of differentially-expressed cDNA fragments has previously required the screening of cDNA libraries with distinct populations of labeled cDNAs. This cumbersome technique is plagued by several disadvantages. Among these are the inability to routinely detect low abundance messages, and the inability to direct the cloning efforts towards the cloning of specific families of sequences. The modification of the RNA Fingerprinting protocol presented here overcomes these limitations for a large number of gene families. These modifications allow the rapid detection of differentially-expressed cDNA fragments enriched for a gene family of interest. The cloning of at least one novel cDNA containing a classic zinc finger domain demonstrates the efficacy of this technique in the identification of new members of known gene families that are differentially expressed.
